The microchip lasers, being sources of coherent light, suffer from one serious drawback: low spatial quality of the beam, strongly reducing the brightness of emitted radiation. Attempts to improve the beam quality, such as pump-beam guiding, external feedback, either strongly reduce the emission power, or drastically increase the size and complexity of the lasers. Here we propose that specially designed photonic crystal in the cavity of a microchip laser, can significantly improve the beam quality. We experimentally show that a microchip laser, due to spatial filtering functionality of intracavity photonic crystal, improves the beam quality factor M 2 reducing it by factor of 2, and thus increase the brightness of radiation by a factor of 4. This comprises a new kind of laser, the "photonic crystal microchip laser", a very compact and efficient light source emitting high spatial quality high brightness radiation.
INTRODUCTION
The microchip lasers (and generally other micro-and millimeter size lasers such as edge-emitting or verticallyemitting semiconductor lasers) usually suffer from a low beam quality, especially in high power operation regimes. There have been proposed several techniques to improve the beam quality of microchip lasers, e.g. by using optical injection [1] , external feedback [2] , external gratings [3] , and others, however, this results in a loss of the main advantage -the compactness and simplicity of the laser design.
In order to obtain high beam quality in microchip lasers usually the emission area is confined in transverse space, for instance, by using a relatively narrow pump beam. The restriction of the pump area and pump intensity enables a single-transverse mode emission, however, strongly reduces the emitted power. The increase of the pump power (either by increasing pump area or the pump intensity) results in multi-transverse mode emission, and therefore in a drastic reduction of the beam quality. The power of emitted radiation still increases with the increase of the pump power, however, the brightness of the radiation saturates and does not increase. Our idea, elaborated theoretically and proved experimentally in the preceding letter [4] , is that the specially designed intracavity Photonic Crystals (PhC) can solve the beam quality problem for high pump power decreasing the beam quality factor M 2 . Photonic crystals, beside their celebrated properties in frequency domain, such as frequency bandgaps and slow light effects [5, 6] , can also affect the spatial beam propagation, causing such peculiarities as the negative refraction [7, 8] , anomalous diffraction (flat lensing) [9, 10] , and importantly for the present work -spatial (angular) filtering. The spatial filtering by PhCs, is based on the angular band-gaps PhCs [11, 12] and angular quasi-bandgaps PhCs [13, 14] , and does not require the access to the far field domain of resonating field like in conventional filtering techniques by confocal lens arrangement. The PhC spatial filters can provide efficient filtering in extremely short propagation distances (typically around 200 µm) [15] . The arrangement, therefore, comprises an efficient, compact laser source, which we named the microchip photonic crystal laser [4] , able to emit powerful beams of good spatial quality (single transverse mode beams), and of high brightness.
Being specific, we consider a Nd:YAG based microchip laser, of cavity length 5 mm, and maximum emission power 900 mW (in multi-transverse mode regime). To ensure single transverse mode emission, the width of the pump beam is restricted (typically to 80 μm, depending on pump power). The use of broader pump area increases the Fresnel number, and results in multimode emission, if no special means are taken. We propose to use the spatial PhC filters inside the cavity, in order to maintain a high beam quality while increasing the pump area and pump intensity.
The idea, the design, and the qualitative results are illustrated in Fig. 1 .
FABRICATION AND DESIGN
We fabricated PhC filters of two different symmetries: the axisymmetric filter [16] [17] [18] [19] to achieve the main goal, i.e. the single-transverse mode emission; and also a one-dimensional (1D) spatial filter, filtering in one transverse direction. The latter allows to convincingly demonstrate the appearance of a beneficial filtering effect, i.e. to have simultaneously a laser with-and without filtering in different directions in transverse space under identical conditions (the same pump power and the same losses for both field quadratures). PhC filters were fabricated by the direct laser writing (DLW) technology. The DLW technology is based on point-by-point laser modification of a glass sample by tightly focusing a femtosecond laser beam inside the bulk of it. Normally the glass is transparent and the laser irradiation does not affect it, but at the focal point the intensity is so high that nonlinear ionization occurs, leading to, in this case, a permanent modification of the refractive index of the sample. The size of modified area lies in the submicrometer scale and the precision is mainly determined by the positioning stages.
In our fabrication setup the samples are positioned by using precise linear stages, having 160×160×60 mm fabrication area and < 10 nm positioning errors at around and galvanometric mirrors fast scanning speeds up to 10 mm/s or even more. The PhCs in our case were written in a glass medium. We used standard microscope slides (ISO 8037/1), with a thickness of 1 mm, made from soda-lime glass with a standard composition of The 1D PhC filters are formed using a simple 3D raster scan, and the axisymmetric PhC filters are formed by writing concentric rings from smallest radius to largest, layer by layer. The axisymmetric filters feature a defect due to the circle start and end point matching. Also, there is some mismatch of the individual layer thickness due to spherical aberrations.
In the experiment we used a ceramic Nd:YAG cylindrical chip, with a doping concentration of 2%. The element was 3 mm long in the beam propagation direction (1.5 mm doped + 1.5 mm undoped and bound for heat dissipation). Diameter of the chip was 8 mm. The chip featured optical coatings along the beam propagation direction. The first coating was a high reflectivity coating for 1064 nm and an anti-reflectivity for 808 nm wavelengths. The other face had an anti-reflectivity coating for λ = 1064 nm. The chip was mounted in a copper holder having contact along edge of the disc only. The output coupler had a reflection coefficient of 94% at 1064 nm.
The continuous pump source was a 3W-fibre-coupled laser diode (LIMO) with a core diameter of 105 µm and a numerical aperture of 0.22. The output of the fiber was imaged with a magnification of one in the microlaser. The resulting microchip laser output beam was of isotropic polarization. Figure 2 summarizes the quantitative experimental results. Without the PhC filter the increasing pump power results in the increase of the emission power and of the divergence of the output beam, whereas the brightness of the radiation remains approximately constant. With the PhC filter in microcavity the divergence of the beam remains independent on the pump power (up to a particular pump level), and the brightness constantly increases with the pump. Note that the emission power in the presence of the PhC spatial filter just slightly decreases compared to the case without spatial filtering. The increase of brightness due to intracavity photonic crystal is up to 4 times in this particular experimental measurement. Behind a particular threshold for the pump power the spatial filtering is no more sufficient, and the beam quality as well as brightness starts decreasing. Maximal power of single transverse mode beam depends on the efficiency of the spatial filtering (the width and the depth of filtered out area in angular domain). Speaking in numbers, the spatial quality factor of the beam from the PhC microchip laser remained M 2 = 1.2, for the emission power up to 300 mW, whereas the spatial quality factor of the beam from the laser without spatial filtering increased until M 2 = 2.5 for the same output power. 
RESULTS

CONCLUSIONS
We show a substantial improvement of the spatial quality of the beam emitted by microchip laser due to the spatial filtering functionality of intracavity photonic crystals. Specifically, we were able to increase the power of single transverse mode emission from 80 mW without intracavity PhC, to 300 mW with intracavity PhC, i.e. almost 4 times. The brightness of the emitted radiation has been increased respectively. The performance can be strongly improved by advancing the angular transmission characteristics of the spatial filters. The angular filtering range is limited by the material characteristics of the filter (the amplitude of refraction index modulation, and the length of the PhC (the number of longitudinal periods). The performance of photonic crystal microchip laser is thus restricted by technological limitation (aberrations of femtosecond laser writing arrangement, available materials) of the PhC filters. With the future advance of microfabrication technologies and with new materials providing the larger refraction index modulation, the performance of the PhC microchip laser can be significantly improved. The present work demonstrates the principle of intracavity spatial filtering by PhCs, and thus constitutes a new class of laser -the photonic crystal microchip laser. The numerical simulations shows huge potential of the photonic crystal microchip laser improved using advanced technologies.
Finally, the proposed idea could be applied to the other types of microlasers, like semiconductor edge-emitting lasers [20, 21] , and vertical cavity semiconductor lasers, the VCSELs [22] (in fact the VCSELS would convert into VECSELS, the Vertical External Cavity Semiconductor Lasers, when one incorporates at approximately 200 µm length PhC filter inside the cavity).
